Originality-Significance Statement: The results of our study indicate that the 32 distribution of metabolites within networks of interacting bacterial cells may be self-33 organized by local interactions among neighbouring cells rather than requiring a super-34 ordinated regulatory system.
INTRODUCTION
Bacteria often engage in metabolic cross-feeding interactions with other bacteria and 6 served as recipients, which were auxotrophic for the amino acids histidine (ΔhisD), 136 lysine (ΔlysR), and tryptophan (ΔtrpB) (Figure 1 , Supplementary Table 1 ) and thus 137 essentially required an external source of these metabolites to grow (Bertels, Merker et 138 al. 2012). 139 As a first step, we quantified the amounts of amino acids the five donor strains 1), while production levels of the Δmdh mutant did not differ significantly from WT-levels 145 (Mann Whitney U-test: P>0.05, n=4, Supplementary Figure 1) . Similarly, both the intra- 146 and extracellular concentrations of tryptophan in the ΔtrpR mutant were significantly 147 elevated over WT-levels (Mann Whitney U-test: P<0.05, n=4, Supplementary Figure 1) . 148 In contrast, ΔhisL released twice as much of histidine into the growth medium as was 149 released by the WT (two sample Mann Whitney test: P<0.05, n=4, Supplementary 150 Figure 1 ), while it contained much lower levels of histidine in its cytoplasm than the WT. coculturing in this way did not affect the growth of donor populations (Figure 2A -C). This 167 observation suggested that even though donor cells had to produce all the amino acids 168 required by auxotrophs for growth (i.e. His, Lys, and Trp), these increased production 169 level did not significantly affect the final growth of donor genotypes. To further evaluate 170 whether the observed increased amino acid production levels did not incur a fitness cost 171 to donor cells, the growth rates of donor populations in mono-and coculture during the 172 exponential phase were compared. This experiment revealed a cost of amino acid 173 production that only affected overproducing genotypes (i.e. Δmdh, ΔnuoN, and ΔtrpR) 174 when paired up with the tryptophan-auxotrophic recipient ΔtrpB ( Figure 2D ). In these 175 cases, the growth rate of donor genotypes in coculture was significantly reduced relative 176 to their growth in monocultures (FDR-corrected paired sample t-tests: P<0.05, n=6). In 177 all other cases, with WT as donor and lysine-or histidine auxotrophic recipients, no 178 fitness cost was detected (FDR-corrected paired sample t-tests: P>0.05, n=6). Three 179 main insights result from this experiment: First, even though producing the amino acids 180 auxotrophs required for growth significantly reduced the growth rate of donors in some 181 cases, this fitness cost was not detectable on the level of the population size after 24 h 182 of growth in coculture. Second, the total productivity of donors and recipients was 183 8 significantly increased when cells were cocultured as compared to the situation when 184 they were physically separated by a filter membrane (Mann Whitney U-test: P<0.05, 185 n=4, Figure 2A -C). Third, physical contact between donor and recipient cells was 186 required for a transfer of amino acids between cells. Figure 3B ). However, it has been previously shown that the 208 presence of the amino acid auxotrophic genotypes require for growth, prevents the 209 formation of nanotubes (Pande, Shitut et al. 2015) . Uncoupling the obligate dependency 210 by supplementing the growth medium with saturating concentrations of the focal amino 211 acid provided no evidence for a significant increase in double-labelled auxotrophs 212 ( Figure 3B ), thus linking the establishment of these structures to the physiological 213 requirement for amino acid cross-feeding.
215
Auxotrophic recipients derive amino acid from cocultured donor cells 216 One hypothesis that could explain why recipients were able to grow in donor-recipient 217 cocultures but not when cells were separated by a membrane filter (Figure 2A -C) is that 218 the physical contact between cells increased amino acid production rates of donors.
219
Amino acid production is energetically and metabolically very costly to the bacterial cell Figure 5B ).
245
In contrast, when the same recipient cells were grown in the absence of lysine, cell-246 internal lysine levels were significantly reduced (FDR-corrected paired sample t-tests: 247 P<0.005, n=4, Figure 5B ), indicating amino acid starvation of auxotrophic cells. The presence of auxotrophic recipients increases cytoplasmic amino acid 263 concentrations in donor cells 264 To test the delayed-feedback inhibition hypothesis, the lys-riboswitch was introduced 265 into the three donors WT, Δmdh, and ΔnuoN. Each of these donor genotypes were then 266 grown in monoculture as well as in coculture with the lysine-auxotrophic strain ΔlysR. In 267 these donor-recipient pairs only the donor contained the reporter plasmid.
268
The amino acid biosynthesis of WT cells is most stringently controlled, thus 269 preventing accumulation of free lysine in its cytoplasm. In contrast, the cytoplasm of the threshold that triggers a further production. 279 We tested these predictions by monitoring changes in intracellular lysine levels of 280 donor cells using the lys-riboswitch. In monocultures, lysine levels increased steadily 281 over time ( Figure 5C ). This pattern, however, changed in the presence of the 282 auxotrophic recipient. When E. coli WT cells were used as donor, their cytoplasmic 283 lysine levels first increased significantly over the levels WT cells reached in monoculture 284 (FDR-corrected paired sample t-tests: P<0.03, n=4, Figure 5C ). After that lysine levels 285 dropped significantly before increasing back to monoculture levels ( Figure 5C ). The Figure 6 ). Interestingly, the histidine 334 overproducing donor ΔhisL, which was characterized by cytoplasmic histidine levels that 335 were significantly lower than the one observed in WT cells (Supplementary Figure 1B) , metabolites that help their current interaction partner to grow. In our experiments, the 382 cost of producing increased amounts of amino acids to support the growth of another 383 cell was only detectable for tryptophan on the level of the growth rate achieved (Fig. 2D) . 384 This observation is in line with previously published data, which indicates that of all three 385 amino acids analysed in this study, tryptophan is the one that incurs the highest the cell densities all tested donor genotypes reached after growing for 24 h were 388 independent of whether or not auxotrophic genotypes were present in the same 389 environment ( Fig. 2A-C ), suggesting growing donor cells compensated for these costs.
390
This can also explain the abovementioned strong fitness advantage experienced by cells 391 engaging in reciprocal interactions: if each of two interacting cells slightly increase the 392 production levels of the metabolite their respective partner requires for growth, both cells 393 save the costs to produce another metabolite at all. In total, more resources are saved 394 than invested, thus resulting in a net advantage of cross-feeding relative to metabolic 395 autonomy. 396 Nutritional stress and starvation of bacterial cells, as is for example induced by limits the amount of the traded metabolite that needs to be produced to meet the actual 445 demand of the receiving cell. This mechanism should help to economize invested 446 resources on a cell-level, thus allowing optimal growth of the interacting community.
447
Given that a loss of seemingly essential biosynthetic genes is very common in deleted from E. coli BW25113 wild type (WT) to generate mutants that produce 770 increased amounts of amino acids (overproducer) as well as mutants that essentially 771 require a certain amino acid to grow (auxotroph). (B) Coculturing an amino acid donor 772 (i.e. WT or overproducer) together with an auxotrophic recipient results in a one-way 773 cross-feeding interaction that is obligate for the recipient, but not the donor. 
